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Abstract This review provides evidence for the hypothe-
sis that electrostimulation strength training (EST) increases
the force of a maximal voluntary contraction (MVC)
through neural adaptations in healthy skeletal muscle.
Although electrical stimulation and voluntary effort activate
muscle differently, there is substantial evidence to suggest
that EST modiﬁes the excitability of speciﬁc neural paths
and such adaptations contribute to the increases in MVC
force. Similar to strength training with voluntary contrac-
tions, EST increases MVC force after only a few sessions
withsomechangesinmusclebiochemistrybutwithoutovert
muscle hypertrophy. There is some mixed evidence for
spinal neural adaptations in the form of an increase in the
amplitude of the interpolated twitch and in the amplitude of
the volitional wave, with less evidence for changes in spinal
excitability. Cross-sectional and exercise studies also sug-
gestthatthebarrageofsensoryandnociceptiveinputsactsat
the cortical level and can modify the motor cortical output
and interhemispheric paths. The data suggest that neural
adaptations mediate initial increases in MVC force after
short-term EST.
Keywords Muscle  Strength training  MRI 
Magnetic brain stimulation  Rehabilitation
Introduction
Voluntary strength training (VST) improves the mechani-
cal output of skeletal muscle in healthy humans. Initial
increases in force of a maximal voluntary contraction
(MVC) are the result of adaptations in the central nervous
system (Carroll et al. 2001, 2002; Farthing 2009; Gabriel
et al. 2006; Sale 1988; Zhou 2000) although it is now clear
that molecular paths associated with muscle growth also
become activated after just a few bouts of weight lifting
(Costa et al. 2007; Hortoba ´gyi and DeVita 2000; Hort-
oba ´gyi et al. 2001; Tamaki et al. 2000). Neural adaptations
to VST can include spinal (i.e., the motoneuron soma and
structures distal to it) or supraspinal adaptations (i.e.,
structures proximal to the motoneuron soma) (Aagaard
et al. 2002; Carroll et al. 2001, 2002, 2011; Christie and
Kamen 2010; Del Balso and Cafarelli 2007; Farthing 2009;
Gabriel et al. 2006; Gruber et al. 2007; Hortoba ´gyi et al.
2009, 2011; Sale 1988; Taube et al. 2007;Z h o u2000).
Hallmarks of supraspinal neural adaptations are the chan-
ges in neural drive revealed by increased surface EMG
activity during a test MVC, cross education, task speci-
ﬁcity, and increases in output of the primary motor cortex
and associated cortical areas as measured by electroen-
cephalography (EEG), functional magnetic resonance
imaging (fMRI), and transcranial magnetic brain stimula-
tion (TMS). Spinal adaptations can also mediate increases
in MVC force and these include changes in motor unit
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reﬂex and voluntary (V) wave, spinal reﬂex mechanisms
such as presynaptic inhibition, reciprocal inhibition, Ren-
shaw inhibition, and synaptic efﬁciency although some of
these measures are not purely spinal as there can be con-
tributions from supraspinal structures.
Similar to VST, EST can also increase voluntary muscle
activation as measured with surface electromyography
(Mafﬁuletti et al. 2002), twitch interpolation (Stevens et al.
2004), and the amplitude of the V wave (Gondin et al.
2006). EST increases MVC force in too short a time for
muscle hypertrophy to occur (McMiken et al. 1983). EST
also produces voluntary strength gains of the contralateral
homologous muscle after unilateral training (Hortoba ´gyi
et al. 1999). These observations are consistent with the
hypothesis that EST increases MVC force through neural
adaptations (Enoka 1988; Lloyd et al. 1986).
However, there are important differences between con-
ditioning skeletal muscle with artiﬁcial and voluntary
contractions so that the mechanisms cannot be identical.
For example, during a voluntary compared with electrical
stimulation-evoked contraction motor unit activation is
orderly versus non-selective, contraction intensity is high
versus submaximal, muscle activation is synergistic versus
targeted, antagonist muscle activation is coordinated versus
not-coordinated, and the physiological origin of contraction
is ‘‘internal’’ versus ‘‘external’’ by activating branches of
motor axons under the stimulating electrodes. Despite such
differences, and somewhat puzzlingly, EST compared with
VST can still produce similar gains in MVC force.
We propose a model in which heightened afferent input
associated with electrical muscle stimulation plays a key
role in neural adaptations to EST (Fig. 1). Because
peripheral sensory nerves have a lower threshold of
excitability compared with the sarcolemma surrounding
muscle ﬁbers, electrical muscle stimulation, as commonly
used in EST, produces a barrage of cutaneous and noci-
ceptive input. This heightened sensory information reaches
the sensorimotor cortex and provides input to motor areas
in the brain, giving rise to volleys that descend in corti-
cospinal and motor neurons, causing muscle to contract. In
addition to this afferent-invoked drive, the induction cur-
rent directly excites and contracts superﬁcial muscle ﬁbers.
Although EST can evoke changes in speciﬁc measures of
spinal cord function, there is less evidence for changes in
spinal excitability. In contrast, during VST, the descending
command gives rise to the muscle ﬁber contraction and the
voluntary effort uses proprioceptive afferent information as
a feedback and not as a driver of muscle contraction, as
proposed for EST.
The present paper evaluates this model in terms of
neural adaptations at the spinal and supraspinal levels. We
review the mechanisms of neural adaptations to EST rather
than comparing the changes in MVC force after EST
and VST, an approach used previously (Bax et al. 2005;
Mafﬁuletti 2010). To more precisely isolate the effects
produced by unadulterated electrical stimulation we did not
explicitly review studies that delivered the training stimu-
lus in the form of electrical stimulation superimposed on
voluntary muscle contraction, so-called hybrid training
(Bezerra et al. 2009; Langzam et al. 2006, 2007; Paillard
et al. 2005, 2010). To concentrate the review on muscle
instead of nerve stimulation, we included only two studies
that reported on the effects of direct electrical stimulation
of a peripheral nerve on motor output (Everaert et al. 2010;
Stein et al. 2010). The review focuses on healthy muscles
and incorporated only a handful of studies that used EST or
functional electrical stimulation (FES) of impaired mus-
cles. Because the evidence was scant or inconclusive we
did not review all of the possible neural adaptation mech-
anisms in detail, including the rate of voluntary force
development, antagonist muscle coactivation, and single
motor unit studies. Therefore, the purpose was to review
evidence for supraspinal and spinal adaptations associated
with EST in healthy human skeletal muscle.
Spinal adaptations
Increase in MVC force in the absence of muscle
hypertrophy
A series of EST studies suggest that neural adaptations
mediate increases in MVC force because the increases in
force occur without signiﬁcant muscle hypertrophy (Bro-
cherie et al. 2005; McMiken et al. 1983; Pichon et al.
1995). Although none of these studies measured directly
muscle size before and after the training program, the
brevity of the protocols, which sharply contrasts with early
studies using extreme stimulation conditions that are not
adaptable to clinical settings (e.g., stimulation for 3 h per
day, 6 days a week for 6 weeks, Rutherford, 1988) (Jarvis
et al. 1996; Pette and Vrbova 1992; Schiafﬁno et al. 1989;
Scott et al. 1985), and the advanced athletic status of the
participants indirectly suggest neural and not muscle
adaptations are the core moderators of increases in MVC
force. For example, after 3 weeks of EST, isokinetic
eccentric and concentric torque increased signiﬁcantly in
nine ice-hockey players whose 10 and 30 m sprint skating
times also improved (Brocherie et al. 2005). Likewise, EST
of the latissimus dorsi increased the strength and swim-
ming performances of a group of competitive swimmers
(Pichon et al. 1995). These data must be interpreted cau-
tiously because of a lack of direct measurement of muscle
ﬁber size. However, results from studies that did directly
measure changes in muscle ﬁber size, reviewed next, are
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tributed to the gains in motor performance.
Although there are numerous studies that reported
changes in muscle metabolism, none provide compelling
evidence that EST, similar to the paradigms used in clinical
settings, produces early muscle hypertrophy (i.e., in less
than 6 weeks). While there were signiﬁcant increases in
quadriceps MVC force from 1,295 N (±135) to 1,530 N
(±131) after a 4 week training period in one study that
used 6 min effective EST in each of 15 sessions, these
changes were similar to the gains produced by VST with-
out signiﬁcant changes in enzyme activities, muscle ﬁber
characteristics, or mitochondrial properties (Eriksson et al.
1981; Kim et al. 1995; Martin et al. 1993, 1994; St Pierre
et al. 1986). Twenty-one days of EST of the gastrocnemius
muscle reduced skinfold thickness by 20% and it increased
MVC force by 42%, nuclear number per unit area by 37%,
mean length of muscle cell nuclei by 14%, and nuclear
density by 21% (all p\0.05), muscle ﬁber size increased
moderately (16%, p\0.05) in the 50 Hz stimulation group
and by 10% (p[0.05) in the 2,000 Hz stimulation group
(Cabric and Appell 1987; Cabric et al. 1987). A study using
nuclear magnetic resonance spectroscopy after 13–15 min
of low-intensity (10% MVC) voluntary or electrical stim-
ulation-evoked contractions of the gastrocnemius revealed
that the muscle was more acidic and the muscle cytoplasm
was more oxygenated during stimulated than voluntary
exercise, suggesting higher levels of glycolysis and oxygen
demand (Vanderthommen et al. 2003). Thus, the data
conﬁrmed that electrical muscle stimulation is fatiguing but
there was no hint for changes in metabolic pathways linked
to muscle hypertrophy. Six weeks of quadriceps EST at
8 Hz, a rate lower than most EST studies, in 20 sedentary,
10 active, and ﬁve endurance-trained subjects using 25
consecutive 10 s isometric contractions increased citrate
synthase activity, capillary number per type IIA and IIB
ﬁbers, and the percentage of type IIA muscle ﬁbers but,
again, failed to increase the size of type I, IIA, and IIB
muscle ﬁbers (Theriault et al. 1996). In an EST study
similar to the protocols most often used in clinical settings
to strengthen healthy and an orthopedic injury-weakened
muscle (Bax et al. 2005), vastus lateralis biopsy samples
from ten healthy volunteers who received EST at
45–60 Hz, with 12 s of stimulation followed by 8 s of rest
Fig. 1 Conceptual model comparing sources of neural adaptations
during electrical stimulation strength training (EST) and voluntary
strength training (VST). After EST (left side), an increase in MVC
force is the result of a barrage of ascending afferent input to
sensorimotor cortical areas, impinging on descending motor paths.
The thick upward pointing arrow is the result of electrical muscle
stimulation exciting afferents (short thin upward pointing arrows),
representing a strong component of neural adaptations in response to
EST. Induction currents generated inside the muscle by electrical
muscle stimulation (short downward pointing arrows), represent
direct sarcolemmal depolarization and muscle contraction. In con-
trast, VST has much smaller ascending afferent input to sensory areas
but large descending volleys that generate voluntary drive and MVC
force. EST and VST can produce similar increases in MVC force but
through different mechanisms. Thicker arrows and darker colors
represent an enhanced effect. For the sake of simplicity, other brain
areas activated during an electrical stimulation-evoked and a volun-
tary contraction are not shown
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revealed an increased expression of MHC isoform IIA
through a shift of MHC-I and MHC-IIX isoforms to the
MHC-IIA isoform (Perez et al. 2002), but these ﬁber type
conversions occurred without muscle ﬁber hypertrophy.
Unlike in previous studies (Brocherie et al. 2005; McMiken
et al. 1983; Pichon et al. 1995), these EST-induced shifts in
the biochemical characteristics were not associated with
improvements in whole-body aerobic performance or
neuromuscular function produced by muscles of the entire
limb (Perez et al. 2002). EST over an initial 4 week period
failed to increase quadriceps size measured with ultra-
sound, but muscle size did increase a modest 4% (±2,
p\0.001) from week 4 to 8 (Gondin et al. 2005) and
increased up to 12% after 8–9 weeks (Gondin et al. 2011;
Ruther et al. 1995; Stevenson and Dudley 2001), suggest-
ing muscle hypertrophy occurred in the late phase of the
program. Taken together, these results suggest that EST
administered with a clinical dose and parameters for up to
about 6 weeks does bring about changes in muscle
metabolism and promotes subtle isoform shifts, but the
increased MVC force is not the result of overt muscle
hypertrophy, but instead, it is mediated by changes in some
elements of the nervous system. Therefore, these studies
seem to support the idea that short-term EST increases
MVC force through neural mechanisms.
Muscle activation
The time course of adaptation to VST and EST seems to be
strikingly similar, suggesting that muscle activation is
probably also rising in step with MVC force. For example,
when VST and EST groups were matched for training
intensity (Hortoba ´gyi et al. 1998; Lieber et al. 1996), both
interventions increased MVC force at the same rate and
time course. Recent studies conﬁrm this observation and
suggest that as MVC force increases muscle activation also
increases from the initial 80–90% level in most (Gondin
et al. 2005; Jubeau et al. 2006; Mafﬁuletti et al. 2002;
Stevens et al. 2004) but not all cases (Colson et al. 2009),
followed by muscle hypertrophy (Gondin et al. 2005)
(but see section ‘‘Increase in MVC force in the absence
of muscle hypertrophy’’). However, what appears as a
straightforward issue, i.e., increased muscle activation, as
a neural mechanism mediating strength gains after EST, is
a more complex issue.
A change in muscle activation is a measure of neural
adaptation after VST and EST. A crude index of muscle
activation is the change in surface EMG activity measured
during a test MVC contraction before and after the inter-
vention, with an increase in EMG activity being the sum-
med expression of increased muscle activation caused by
an increase in discharge rate of motor units and/or their
spatial recruitment. Because acquiring surface EMG data
before and after electrical stimulation interventions is
technically relatively uncomplicated, this method has been
intensely used despite criticisms from modeling studies,
suggesting that signal cancelation and other technical
details can substantially undermine the interpretation of
such changes in EMG activity after an intervention (Farina
et al. 2010). To illustrate, one study actually reported a
decrease in EMG activity with increased MVC force after
voluntary training (Thorstensson et al. 1976). Furthermore,
in a recent study there were no changes in M-wave-nor-
malized surface EMG activity following EST of an arm
muscle (Colson et al. 2009), whereas other studies in leg
muscles did show increases in EMG activity recorded
during a test MVC after EST (Gondin et al. 2005; Maf-
ﬁuletti et al. 2002), making it difﬁcult to draw any deﬁni-
tive conclusions whether changes in EMG activation after
EST is or is not a valid indicator of neural adaptations.
Maximal tetanic stimulation (Sale 1988), twitch inter-
polation (Merton 1954), including its permutation as cen-
tral activation ratio (Kent-Braun and Le Blanc 1996), and
muscle stimulation-evoked contraction in the relaxed or
concurrently contracted muscle (Hortoba ´gyi et al. 1998)
are presumably more precise measures of muscle activa-
tion. Maximal tetanic stimulation was implemented in
several studies targeting small hand muscles (see a list of
references in Sale 1988) and because, as expected,
untrained healthy individuals can activate these muscles
fully maximal tetanic stimulation revealed no changes in
muscle activation after strength training (Sale 1988).
Indeed, authors of one study concluded that ‘‘…electr-
ostimulation augments the muscle force of contraction by
changing peripheral processes associated with intra-cellular
events, without modifying the nervous command of the
contraction’’ (page 99 in Duchateau and Hainaut 1988).
Most likely due to the disruptive discomfort, there are no
studies that compared maximal tetanic forces in large
postural muscles before and after voluntary and EST.
Over 20 authors debated recently whether the twitch
interpolation is or is not a valid method of assessing muscle
activation (de Haan et al. 2009; Taylor 2009). Because
many EST studies use lower limb muscles as a model, the
relevant conclusion of a review is as follows: ‘‘…studies
using stimulation methods support the conclusion that both
elderly and young subjects are able to fully activate their
distal lower limb muscles during concentric and eccentric
contractions performed at angular velocities up to 240 /s’’
(page 547 in Klass et al. 2007).
If there is this much controversy and debate concerning
the validity of this technique concerning neural adaptations
after VST, these difﬁculties are further compounded under
the conditions of EST due to the differences in motor unit
activation between voluntary versus stimulation-evoked
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123contractions. Although the order of motor unit recruitment
is probably not reversed relative to the size principle during
electrical stimulation-evoked contractions, there are still
many details of motor unit recruitment that differ between
force production with a voluntary effort and electrical
stimulation, including order, temporal, and spatial aspects
of motor unit recruitment (see the ‘‘discussion’’ in this
issue Bergquist et al. 2011) and (Enoka 2006; Fitzgerald
and Delitto 2006; Gregory and Bickel 2005; Jubeau et al.
2010; Mafﬁuletti 2010). Therefore, how comparable twitch
interpolation results are to assess neural adaptations after
VST and EST is unclear. To illustrate, a recent cross-
sectional study reported that quadriceps activation was
signiﬁcantly lower during electrical stimulation-evoked
compared with voluntary contraction at the same absolute
submaximal force level up to 60% MVC (Jubeau et al.
2010). If this is the case, then twitch interpolation is
expected to predict different magnitudes of neural adap-
tation after the two training modes, larger after EST. In
addition, an imaging study, omitted from the twitch-inter-
polation debate (de Haan et al. 2009; Taylor 2009), also
provided evidence that electrical muscle stimulation
recruited only 75% (±14, n = 7) of the quadriceps femoris
volume when the muscle activation was well over 90%,
implying a substantial underestimation of muscle activa-
tion by twitch interpolation (Kendall et al. 2006), at least in
the large quadriceps muscle. This study suggests that dur-
ing electrical stimulation of the quadriceps muscle, the
current reaches only a fraction of the available muscle
volume. A part of neural adaptation comes from subjects’
increased pain tolerance that permits the delivery of higher
and higher stimulation current, hence increasing muscle
mass recruitment. Indeed, contrary to previous suggestions
(Fitzgerald and Delitto 2006), a previous study did ﬁnd that
six of eight healthy female volunteers were able to produce
greater electrical stimulation-evoked than MVC force fol-
lowing EST, suggesting that quadriceps muscle activation
after EST was incomplete (Hortoba ´gyi et al. 1998).
In total, EST increases MVC force but it is inconclusive
whether the increase in muscle activation as measured
with twitch interpolation is related to the increase in the
MVC force because EST may recruit a different popula-
tion of muscle ﬁbers compared with the population
assessed with twitch interpolation. Although dependent on
subjects’ pain tolerance, evoking maximal force with
electrical stimulation before and after EST would increase
the speciﬁcity of testing the training adaptations and
reduce potential inaccuracies associated with twitch
interpolation. Therefore, future studies will have to
determine critical details concerning the volume of muscle
activated during voluntary force production, electrical
stimulation-evoked contractions, and twitch interpolation.
To get a more realistic picture on the role of motor unit
activation plays in EST-evoked neural adaptations, twitch
interpolation will have to be implemented during test
MVCs and also during electrical stimulation-evoked con-
tractions (Jubeau et al. 2010).
Spinal excitability
The Hoffmann or H reﬂex has been extensively used as a
gauge of plasticity in the human nervous system in
response to exercise training or other interventions (Zehr
2002). VST produced mixed results in terms of spinal
plasticity, a form of neural adaptation. While in a few
studies spinal excitability increased in a coupled fashion
with MVC force (Del Balso and Cafarelli 2007; Dragert
and Zehr 2011; Duclay et al. 2008; Fimland et al. 2009),
other studies reported an increase in MVC force after VST
without changes in spinal excitability (Aagaard et al. 2002;
Dragert and Zehr 2011; Duclay et al. 2008; Scaglioni et al.
2002). In one study the H reﬂex amplitude measured on the
ascending limb of the recruitment curve increased but the
amplitude of the maximal H reﬂex did not change in
the resistance-trained plantarﬂexors (Lagerquist et al. 2006).
In addition, endurance training and two-legged hopping
also increased spinal excitability (Perot et al. 1991; Voigt
et al. 1998). It should be noted that all of these studies were
conducted in lower extremity muscles, and it is unknown if
the responses would follow a similarly inconsistent pattern
in muscles of the upper extremity in which the H reﬂex
can be measured relatively easily (e.g. wrist ﬂexors and
extensors).
Chronic artiﬁcial neural activation produces remarkable
and long-lasting spinal plasticity in animal models (Chen
et al. 2010; Wolpaw 2007). Experiments in humans and in
the cat suggest that electrical stimulation of cutaneous
afferents in the sole of the foot or digital nerves of the hand
increases the excitability of the Ib pathway (Arya et al.
1991; Cavallari et al. 1985; Pierrot-Deseilligny et al. 1981)
and have, in general, an excitatory effect on homologous
motoneuron pool (Pierrot-Deseilligny et al. 1973; Robin-
son et al. 1979). Therefore, it is conceivable that EST
would invoke neural adaptations and contribute to the
increased MVC force through an increase in spinal excit-
ability as measured with the H reﬂex and its different
variants.
Contrary to this prediction, the limited amount of
information available to date on the effects of EST on
spinal excitability suggests little or no adaptations in this
mechanism. For example, in one study subjects completed
16 sessions of isometric EST at 75 Hz over a 4-week
period but no signiﬁcant changes occurred in the maximal
amplitude of the M wave, H reﬂex, and the tendon tap
reﬂex evoked in the resting soleus and gastrocnemius of
eight volunteers (Mafﬁuletti et al. 2003). In another study,
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1234 weeks of EST of the plantarﬂexors increased MVC force
by 19%, but there were, again, no changes in the maximal
amplitude of the M wave and the H reﬂex evoked at rest
although there were increases in reﬂex amplitude after
additional 4 weeks of detraining (Jubeau et al. 2006).
Electrical stimulation at an intensity evoking tingling
sensation without a muscle contraction acutely reduced the
time to peak of the H-reﬂex-evoked twitch responses
(Trimble and Enoka 1991). Because H reﬂexes selectively
excite low-threshold motor units, sensory (sub-motor
threshold) electrical stimulation must have activated faster-
contracting motor units in the responses to the H-reﬂex
stimulus (Trimble and Enoka 1991). Although this study
reported the mechanical responses to H reﬂex stimulation
but not the reﬂex amplitude, the data still suggest that
under certain conditions EST could produce adaptations in
spinal excitability. However, the bulk of the data suggests
that the EST-evoked adaptations, as measured with the H
reﬂex, are small. Perhaps the parameters of EST (duration,
intensity) were insufﬁcient to cause changes in spinal
mechanisms. Indeed, an accompanying article in this series
(Bergquist et al. 2011) presents in detail how an increase in
electrical stimulation pulse width to 1 ms increased the
sensory feedback to the muscle and increased the magni-
tude of force evoked (Collins et al. 2002). Brieﬂy, elec-
trical muscle stimulation at 100 Hz and 1 ms pulse width
compared with stimulation at 25 Hz with 0.05 ms pulse
width produced signiﬁcantly greater torque and this torque
enhancement was attributed to spinal mechanism invoked
by the greater sensory input to the muscle. In follow-up
experiments an anesthetic block of the peripheral nerves
proximal to the stimulation site prevented the afferent ﬂow
to the central nervous system, conﬁrming the central origin
of the enhanced mechanical output produced by the wider
pulse-width paradigm (Collins 2007).
The implications of these ﬁndings for neural adaptation
to EST are that because the afferent feedback and the direct
stimulation of the nerve branches activate different motor
units so that EST with wide-pulse stimulation may bring
about increases in voluntary force with less fatigue
(Baldwin et al. 2006; Klakowicz et al. 2006). Thus, stim-
ulation parameters can be important determinants of the
magnitude and locus of EST-evoked adaptations. In addi-
tion to varying stimulation parameters, there is also a need
to increase the versatility of measurement techniques,
including the use of H reﬂex and V waves that are evoked
during a voluntary muscle contraction (Gondin et al. 2006)
and, although technically challenging, H reﬂexes and V
waves measured during electrical stimulation-evoked
muscle contractions to increase the speciﬁcity of assessing
the changes in spinal excitability. All in all, these obser-
vations shift the locus of neural adaptation from spinal to
supraspinal mechanisms.
Supraspinal adaptations
Brain activation
Conventional views somewhat naı ¨vely maintained that
electrical muscle stimulation has a negligible effect on
supraspinal structures and that mostly spinal mechanisms
mediate the EST-evoked gains in MVC force. However,
behavioral, fMRI, and TMS studies provide strong evi-
dence that increased somatosensory input may actually
cause cortical organization (Kimberley et al. 2004; Nudo
et al. 2001). Thus, EST has a substantial potential to invoke
neural adaptations through cortical plasticity. Electrical
muscle stimulation excites axons of sensory receptors, and
these action potentials ascend via afferent paths to the
primary somatosensory cortex, providing a basis for the
contribution of afferent input to neural adaptation after
EST (Fig. 1).
The behavioral manifestation of afferent input was
apparent in a study in which maximal tolerable electrical
muscle stimulation was applied to the right quadriceps at
rest while sedentary individuals and weight lifters con-
tracted the left quadriceps. Compared with no stimulation,
electrical stimulation of the right quadriceps increased
MVC force on the left side by 16 and 6% in the untrained
and trained subjects, respectively (Howard and Enoka
1991). These signiﬁcant increases in MVC force were
probably due to the electrical stimulation-generated sen-
sory effects that cortically or spinally enhanced the motor
output from the contracting muscle.
There are multiple lines of evidence from imaging
studies, suggesting that electrical muscle stimulation acti-
vates sensory and motor cortical areas in the healthy human
brain. We must emphasize that most of these studies are
cross-sectional and did not directly assess neural adapta-
tions to EST. In one fMRI study monophasic square wave
pulses were delivered at 30 Hz, with a pulse width of
200 ls and a 1 s on-and-off cycle for six, 20-s-long epochs
alternating between rest and electrical stimulation of the
wrist extensor muscles. Electrical stimulation increased the
activation of the primary sensorimotor cortex contralateral
to the side of stimulation and it also produced bilateral
activation of the supplementary motor areas (Han et al.
2003). The analysis in this study was restricted to the pri-
mary motor and sensory cortices, premotor, and supple-
mentary motor areas (Han et al. 2003). In a more detailed
experiment, healthy volunteers’ wrist extensor and ﬂexor
muscles were stimulated with 1-s-long, asymmetric,
biphasic, 200 ls-wide FES at 20 Hz, producing 22 con-
tractions separated by 17–22 s of rest (Blickenstorfer et al.
2009). fMRI data revealed signiﬁcant activation of the
contralateral primary motor cortex, primary somatosensory
cortex and premotor cortex, the ipsilateral cerebellum,
2444 Eur J Appl Physiol (2011) 111:2439–2449
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tary motor area, and anterior cingulate cortex (Blicken-
storfer et al. 2009). These results obtained with FES
compare surprisingly well with brain activation data from
another fMRI study that also reported a dose–response
relationship between the intensity of lower extremity
electrical muscle stimulation and activation of speciﬁc
brain regions (Smith et al. 2003).
As in any electrical muscle stimulation study, it is hard
if not impossible to tell if participants, against instructions,
do not, in addition to electrical muscle stimulation, vol-
untarily contract their muscles. Assuming that no such
incidental contractions occurred in these experiments, it is
an important observation that electrical muscle stimulation
and FES activated cortical areas that are involved not only
in sensation but also in planning and generating motor
output. These are the same areas that voluntary movement
and, to a smaller extent, passive movements also activate.
Therefore, EST and FES training seem to have the poten-
tial to produce some elementary motor learning or at least
not to interfere with coordinated movement. Indeed, one of
the strongest pieces of evidence for EST to produce
strength and skill effects comes from gait re-training
studies (Everaert et al. 2010; Stein et al. 2010). Stroke
(n = 10) and multiple sclerosis patients (n = 26) used a
foot-drop stimulator for 3–12 months while freely ambu-
lating. Although the nature of this FES modality was far
from the maximal electrical stimulation-evoked contrac-
tions, TMS-generated motor evoked potentials in the tibi-
alis anterior increased *50% in stroke and also in multiple
sclerosis patients and MVC force increased, respectively,
27 and 17% in the two groups. Stroke patients’ walking
speed increased by 24% with the stimulator off (therapeutic
effect) and by 7% in the other patient group. The correlated
increases in motor-evoked potentials and MVC force sug-
gest that EST increased the output from motor cortical
areas and the functional excitability of the descending
paths involved in the control of the tibialis anterior
(Everaert et al. 2010). These studies provide strong evi-
dence for the hypothesis and for our model (Fig. 1) that
somatosensory and nociceptive inputs lead to changes in
motor cortical excitability, which in turn can cause func-
tional improvements, including muscle strength and coor-
dination (Francis et al. 2009; Kaelin-Lang et al. 2002;
Khaslavskaia and Sinkjaer 2005; Ogino et al. 2002;
Ridding et al. 2000, 2001. However, future studies must
speciﬁcally address the issue if EST causes similar plastic
changes in motor cortical output of healthy individuals
and patients recovering from muscle weakness, and how
such changes relate to the increased MVC force. This is
especially necessary because it is now believed that
FES-therapy should start with an EST program, creating a
sequential link between the two forms of therapies
practiced most often independently (Popovic et al. 2001;
Smith et al. 2003).
In total, there is an abundance of evidence to suggest
that electrical muscle stimulation activates sensory and
motor cortices. There is a need to conduct imaging and
TMS studies to provide direct evidence whether EST
causes plastic changes in the central nervous system and
whether such changes are associated with the increase in
MVC force.
Cross education
Perhaps the strongest evidence for neural adaptations
associated with EST is the increase in MVC force in the
untrained, homologous muscle of the contralateral limb
after unilateral EST. Cross-sectional experiments revealed
that electrical muscle stimulation compared with voluntary
contraction evokes different supraspinal effects even
though EST and VST can both increase MVC force
(Bezerra et al. 2009; Farthing 2009; Hortoba ´gyi et al. 1999;
Zhou 2000). While healthy volunteers contracted the left
wrist ﬂexors isometrically, the amplitude of the motor
potentials evoked by TMS increased and the amplitude of
the H reﬂex decreased in the homologous, right wrist
ﬂexors (Hortoba ´gyi et al. 2003). In contrast, when electri-
cal muscle stimulation was used to evoke left wrist ﬂexion,
the motor-evoked potentials and H reﬂex both increased in
the right wrist ﬂexors. Superimposition of electrical muscle
stimulation on a voluntary contraction of the left wrist
ﬂexors, again, increased the TMS response and decreased
the H reﬂex in the right, resting wrist ﬂexors. These
observations suggest that electrical muscle stimulation and
voluntary contraction have different supraspinal effects in
the contralateral homologous muscle. Indeed, 6 weeks of
EST with eccentric contraction of the right quadriceps
muscle produced over 60% increase in MVC force of the
untrained, left quadriceps muscle in healthy young adults
(Hortoba ´gyi et al. 1999). EST was also more effective than
VST in producing cross education without signs for muscle
hypertrophy (Bezerra et al. 2009), producing over 30%
cross education independent of electrical muscle stimula-
tion frequency (Cabric and Appell 1987). Finally, unilate-
ral electroacupuncture administered to the right tibialis
anterior muscle of healthy adults with a stimulation fre-
quency of 40 Hz, a pulse-width of 1 ms, an intensity of
30–40 V, using eight duty cycles of 1 min on and 1 min off
increased MVC force 21% in the intervention and also in
the resting, non-intervention left leg 15% (Huang et al.
2007).
The picture emerging from these studies suggests that
EST is capable of modifying the excitability of inter-
hemispheric connections and perhaps the balance between
interhemispheric excitation and inhibition. Indeed, when
Eur J Appl Physiol (2011) 111:2439–2449 2445
123repetitive TMS created a virtual lesion in the exercising
brain, the magnitude of cross transfer of ballistic perfor-
mance learned in one hand was acutely reduced in the non-
practiced hand in one session, suggesting that cortical
processes within the untrained hemisphere must have
contributed to the crossed effects (Lee et al. 2010). Recent
chronic VST studies using TMS and fMRI conﬁrmed that
reduced interhemispheric inhibition and increased activa-
tion of speciﬁc areas in the non-exercised brain are key
moderators of cross education in healthy adults (Farthing
et al. 2011; Hortoba ´gyi et al. 2011). Additional studies are
needed to determine whether EST-induced increases in
MVC force are mediated by the same supraspinal and
spinal mechanisms in healthy humans (Aagaard et al. 2002;
Dragert and Zehr 2011; Fimland et al. 2009).
Summary and future directions
A review of the data conﬁrms the hypothesis that in the
early phases of EST, like VST, increases in MVC force
occur through neural mechanisms without muscle hyper-
trophy in healthy young adults (Fig. 1; Table 1). Although,
in several EST studies the stimulation-evoked contractions
were much weaker than the contraction intensity used in
VST, still, somewhat puzzlingly, gains in MVC force were
similar. Increases in MVC force occurred in the absence of
muscle hypertrophy. This review found weak support for
the involvement of a spinal mechanism to mediate
increases in MVC force after EST (Table 1). There is
strong evidence to suggest that acute bouts of electrical
muscle stimulation may activate sensory, sensorimotor,
and motor areas and possibly interhemispheric paths in the
brain. Cross-sectional studies suggest that the potential is
high for supraspinal adaptations to occur after EST but
there are yet no chronic MRI, TMS, and EEG studies that
document supraspinal adaptations subsequent to EST.
There is also a need for more detailed information on spinal
excitability changes instead of just using a single measure
such as H reﬂex amplitude (Dragert and Zehr 2011). To
determine the net effect due to sensory input associated
with EST, there is a need to incorporate in the experimental
design a group that receives sham stimulation (Glinsky
et al. 2009; Golaszewski et al. 2010; Nuhr et al. 2003;
Smith et al. 2003) or stimulation that is remotely relative to
the target muscle (Hortoba ´gyi et al. 1999). There is a need
to conduct placebo-controlled trials in which electrical
muscle stimulation is replaced with a non-electrical agent
to better understand the placebo effects of EST on MVC
force. Unlike many previous studies, future EST studies
should measure not only MVC force but also electrical
muscle stimulation-evoked forces to gain more precise
insights into the task-speciﬁcity of EST. Finally, the ulti-
mate goal is to understand neural and muscular adaptations
to EST in healthy individuals so that the ﬁndings can be
safely extended to treating patients’ clinical conditions.
EST is particularly useful to preserve muscle mass during
prolonged periods of partial/total immobilization, as it is
the case with patients in an intensive care unit, or who
suffer from chronic heart failure, chronic obstructive pul-
monary disease, or a stroke.
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